gested that the microtubules explore overall cellular manner, and unlike budding yeast, the correct posispace to identify the long axis bounded by the cell ends, tioning of the growth sites at cell ends requires inand as a consequence, the ends are maintained exactly terphase microtubules. Here we describe a microtuopposed to each other at the antipodes of the cell (Mata bule guidance mechanism that orients microtubules and Nurse, 1998; Sawin and Nurse, 1998). This proposed in the intracellular space along the long axis of the mechanism is quite different from that which operates cell, guiding them to their target region at the cell at the initiation of polarized bud growth in the budding ends. This mechanism involves tip1p, a CLIP170-like yeast where the location of a new bud site is based on protein that localizes to distal tips of cytoplasmic mithe deposition of landmark proteins adjacent to preexcrotubules. In the absence of tip1p, microtubular caisting bud sites and does not require the microtubular tastrophe is no longer restricted to cell ends but occytoskeleton ( 
Results tubule end localization is unclear, but it has been suggested that the protein might influence microtubule dyIsolation of tip1p namics by promoting growth toward a microtubule A total of 65 fission yeast cDNAs were isolated in an target and at the same time serve as a capturing device overexpression screen designed to identify new genes once that target has been found (Perez et al., 1999) . involved in cell morphogenesis (Experimental ProceIt has been further speculated that such a capturing dures). The cDNA encoding tip1 generated a variety of mechanism may involve an as yet unidentified receptor unusual cell forms when overexpressed, including bent, (Rickard and Kreis, 1996) . branched, lemon-shaped, and shmooing cells that are Here we show that tip1p, a CLIP170 protein family normally only seen during mating. In addition, tip1p member, is required to guide fission yeast cytoplasmic overexpressing cells were strictly NETO defective (Figmicrotubules to their target zone located at the cell ends.
ures 1A-1C). The tip1 cDNA was sequenced and found Tip1p localizes to the growing tips of microtubules and to encode a protein of 461 amino acids matching the stabilizes their growth by preventing premature catasgenomic sequence encoding ORF SPAC3C7.12 in the trophe specifically when the microtubule tips contact database of the Schizosaccharomyces pombe genome the cell cortex in a nontarget area. As a consequence sequencing project (Experimental Procedures). This semicrotubular growth continues beneath the surface of quence has also been described as noc1 (Jannatipour the cortical membrane, resulting in microtubules exand Rokeach, 1998). The putative tip1p protein has an tending the length of the cell and delivering the marker amino-terminal head region containing a CAP-Gly mitea1p into the cellular ends. In the absence of tip1p, crotubule binding domain that is linked to extensive, microtubular tips become destabilized at all regions of centrally located coil-coil regions by a serine-rich the cell cortex, and microtubules are no longer orgastretch ( Figure 2A ). Tip1p also contains three PEST senized along the longitudinal axis. Because they fail to quence motifs and at the carboxyl terminus a putative extend efficiently into the cellular ends, tea1p is not metal binding motif (Figure 2A ) (Pierre et al., 1992) . Dataproperly localized, and bent and branched cells are genbase searches revealed that tip1p shares the same moderated. This mechanism contributes substantially to the ular design as CLIP170/Restin, the founding member of proper spatial organization of the cytoplasmic microtua family of proteins that includes Drosophila D-Clip190, bules and is necessary for maintaining the overall form budding yeast Bik1p, human p150 glued , and several hoof the fission yeast cell. The similarities in structure and mologs from other eukaryotes ( Figure 2B ) (Rickard and behavior of tip1p and CLIP170 suggest that similar Kreis, 1996). The overall sequence homology among the members of this family of proteins is not high because mechanisms may be operative in higher eukaryotes. much of the proteins consist of coiled coils that are poorly conserved at the primary sequence level. Tip1p has around 35%-40% identity in the CAP-Gly domain to this family of proteins and has similar domains in the same order to that seen in CLIP170 and D-Clip190. Tip1p has only single copies of the CAP-Gly domain and the metal binding motif, while CLIP170 and D-Clip190 have tandem repeats of both motifs. Also, the tip1p coiledcoil region is shorter, resulting in a considerably smaller protein; this is similar in size to Bik1p, which does not, however, possess a serine-rich region ( Figure 2B) 
Phenotype of tip1 Deleted Cells
Tip1 was deleted by replacement with a Kanamycin resistance gene generating the ⌬tip1 strain. ⌬tip1 cells were viable but were bent and occasionally branched in exponential growth ( Figure 3B ) as compared with wildtype cells ( Figure 3A ). On recovery from nutritional starvation, these morphological defects were much enhanced. Regrowth from glucose starvation generated many highly branched cells ( Figure 3C ), and from nitrogen starvation most cells reinitiated growth into a new axis and became bent ( Figure 3D ). These phenotypes establish that tip1p is required to properly position the growth zones at the antipodes of the cells.
Disruption of microtubules or deletion of tea1 has been shown previously to lead to bent and branched cells so the microtubular cytoskeleton and the localization of tea1p were monitored in ⌬tip1 cells by immunofluorescence (Mata and Nurse, 1997) (Experimental Procedures). Cytoplasmic microtubules were found to be 30%-60% shorter than in wild-type cells and to be less well organized along the longitudinal axis of the cell ( Figures 3E, 3F , and 6B). However, spindle formation and elongation was unaffected (data not shown). Tea1p no longer accumulated at the cell ends as in wild-type cells but was found distributed along the microtubules and within the cell ( Figures 3G and 3H) . The global organization and the distribution of actin in the growing ends appeared normal, although in some cases it was slightly more dispersed ( Figure 3I ). We conclude that tip1p is required for the correct organization of the microtubule cytoskeleton and for the proper localization of the tea1p marker to the cell ends. In ⌬tip1 cells, most microtubules fail to reach the cell end regions and tea1p is no longer properly located at these regions. These two functions can be dissociated in a tip1 mutant lacking the carboxy-terminal third of the protein (tip1p⌬299) ( Figure 2C ; Experimental Procedures). When tip1p⌬299 was expressed under the control of the endogenous promoter in ⌬tip1 cells, microtubules were now found to extend along the length of the cell terminating at the cell ends similar to the microtubular organization observed in wild-type cells (Figures 3E  and 3K ). However, tea1p was not found located at the cell ends, and the cells were bent and branched ( Figures  3G and 3K) . We conclude that the tip1p amino terminus is sufficient to ensure that a normal array of cytoplasmic microtubules forms, but the intact protein is necessary for tea1p to become properly located at the cell ends.
Tip1p Is Localized at Microtubule Tips
Given the effect of tip1p on the microtubular cytoskeleton, we next examined the localization of tip1p within the cell and compared it with the distribution of microtubules. Polyclonal antibodies raised against bacterially nated from the cytoplasmic face of the nuclear-located spindle pole body during anaphase and at the tips of the microtubules generated from the central region of were presumably shrinking ( Figure 5B ). In these cells postmitotic cells (Figures 4F). A similar tip1p localization tip1p was still found at the cell ends, but none was was found using a ⌬tip1 strain expressing GFP-tagged located at the tips of the shortening microtubules (Figtip1p that has a phenotype almost identical to wild type ures 5A-5D). Similar results were obtained when micro-(data not shown). We conclude that tip1p is mainly localtubules were depolymerized by incubating the cells at ized at cell ends and at the tips of cytoplasmic microtu-4ЊC (data not shown). By 2 min after MBC addition, the bules but has no detectable association with mitotic microtubules had disappeared ( Figure 5F ), and no tip1p intranuclear microtubules. This pattern of distribution is was present at the cell ends ( Figure 5E ). This experiment consistent with the observation that tip1p can affect establishes that intact cytoplasmic microtubules are recytoplasmic microtubules but has no apparent effect quired to locate tip1p to cell ends and that this delivery on the intranuclear microtubular spindle. An in vitro process must be very dynamic because tip1p is no physical association of tip1p with microtubules was longer found at cell ends within 1-2 min of losing the demonstrated by a Far Western experiment using taxolmicrotubular cytoskeleton. Within 30 s of washing out, stabilized bovine microtubules (Experimental Proce-MBC short, growing cytoplasmic microtubules were obdures) ( Figure 4H ). served ( Figure 5K ), and most of these had tip1p located The in vitro association and the localization of tip1p at their tips (Figures 5L and 5M). We conclude that tip1p suggests that it is transported to cellular ends by the is present on the tips of growing but not shrinking microcytoplasmic microtubules. To test this hypothesis, cytotubules and is placed there either at nucleation or is plasmic microtubules were depolymerized using the rapidly transported there along the microtubule. drug Carbendazim (MBC) and were subsequently alBecause we observed that both tea1p and tip1p are lowed to repolymerize by washing out the drug (Experilocated at microtubule tips and cell ends, we tested mental Procedures). Forty-five seconds after MBC addition, microtubules were observed to be shortened and whether tip1p localization is dependent on tea1p. In ⌬tea1 deleted cells, the localization of tip1p to microtulongitudinal axis of the cell ( Figure 6A ). As a consequence, only about 2%-5% of the microtubules were bule tips was not affected, but less tip1p was accumulating at the cell ends ( Figure 4I ). An identical localization observed to undergo catastrophe in the central cortical regions ( Figure 7A ). This mechanism therefore orients was found for tip1p⌬299, which rescues the ⌬tip1 microtubule phenotype but not tea1p mislocalization (data the majority of the microtubules so they become aligned parallel to the growth axis. not shown). These results suggest that tea1p may be involved in attaching tip1p to cell ends. For this reason, In ⌬tip1 cells, the speed of microtubule growth and shrinkage was similar to wild-type cells ( Figure 7B , and we investigated the possibility that the two proteins might be physically associated. Tip1p was immunopredata not shown). However, Ͼ70% of the microtubules underwent catastrophe before reaching the cell ends cipitated with anti-tip1p antibodies and blotted with anti-tea1p antibodies, and in an inverse experiment, pro-( Figures 6B, 6C , and 7A). Only about 30% of the microtubules, predominantly in the shorter cells, managed to tein A-tagged tea1p was precipitated and blotted with anti-tip1p antibodies. In neither case was there any evigrow into the cell ends where they then underwent catastrophe on average after 40 s, which is about twice dence for coimmunoprecipitation (data not shown).
as fast as in wild-type cells ( Figure 7C ). This shows that in the absence of tip1p microtubule catastrophe rate is Tip1p Ensures Microtubules Reach Cell Ends increased and that tip1p therefore functions to delay In the absence of tip1p, cytoplasmic microtubules are catastrophe. shorter and fail to reach the cell ends. These effects Microtubules in ⌬tip1 cells are not only shorter than could be explained if the presence of tip1p on growing in wild-type cells, but they also are much less oriented microtubular tips influences their dynamic behavior along the long axis of the cell, and they do not appear such that they grow further to extend into the ends of to undergo deflection when they reach the cell cortex. the cell. To investigate this possibility, we compared A more detailed analysis of the live images of ⌬tip1 microtubular dynamics in live wild-type and ⌬tip1 cells microtubules indicated that none of the microtubules expressing a GFP-tagged ␣-tubulin version by perthat grew at an oblique angle to the long axis of the cell forming time lapse fluorescent microscopy (Ding et al., continued to grow after reaching the cell cortex. Instead, 1998; Tran et al., 1999) (Experimental Procedures). In all of them underwent catastrophe on average within wild-type cells, microtubules nucleated from a number about 20 s ( Figure 7B ). We made life history plots of of distinct areas on the nuclear envelope and were highly microtubules that were specifically selected because dynamic. Each nucleation point generally gave rise to they contacted the cell cortex in the central third of the two microtubules or small microtubular bundles that cell. Such microtubules are frequent in ⌬tip1 cells but grew in opposite directions within the cell ( Figure 6A) . rather rare in wild-type cells. Comparison of four microAs previously published, the growth rate of the two ends tubules from wild-type and ⌬tip1 cells showed that the were similar, suggesting that they were comprised of wild-type microtubules continued growing beneath the two separate microtubules rather than the plus and micortex for the time period required to reach the cell nus end of a single microtubule (Tran et al., 1999) two switched to shrinkage before reaching the cell corWe used live imaging of microtubules in wild-type cells to show that cytoplasmic microtubules nucleate tex ( Figure 7D ). Those microtubules that grew oriented along the long axis of the cell never underwent catastrofrom the vicinity of the nuclear envelope in the cell center and grow until they reach the cell ends. This is also the phe until their first contact with the cortex, which occurred only when they reached the cell end ( Figure 6B) . case if microtubules initiate growth at an oblique angle to the longitudinal axis. In such cases, microtubules will Therefore, in ⌬tip1 cells, like in wild-type cells, microtubule catastrophe occurs mainly in the vicinity of the cell first contact the cell cortex in the central region of the cell and are then deflected while continuing growth uncortex. The difference between wild-type and ⌬tip1 cells is that in ⌬tip1 cells catastrophe occurs in any cortical derneath the cortical membrane. Only after they have reached the cell ends will they undergo catastrophe; in region of the cell, while in wild-type cells it is restricted to the cortical region in the cell ends.
any other region of the cell microtubule, catastrophe is almost completely suppressed. These observations reveal a microtubule guidance mechanism that automatDiscussion ically orients the microtubules into the long axis of the cell and ensures that the microtubules efficiently reach The positioning of polarized growth sites at exactly optheir target zone at the cell ends. posite ends of the fission yeast cell is dependent on the We have shown that tip1p plays a central role in this delivery of the tea1p end marker protein to those ends guidance mechanism. In ⌬tip1 cells, microtubules still (Mata and Nurse, 1997). Proper tea1p localization is nucleate from the vicinity of the nuclear envelope, but brought about by the cytoplasmic microtubules that exthey are shorter and less well oriented along the long tend along the longitudinal axis of the cell terminating axis of the cell than in wild-type cells. Live imaging at the cell ends (Mata and Nurse, 1997). In this paper revealed that the shortening of the microtubules is due we have shown that the CLIP170-like tip1p protein plays to an increase in catastrophes. However, this catastroa crucial role in establishing this overall microtubular phe increase does not occur randomly throughout the organization within the cell. Tip1p is located at the micell because as in wild-type cells, microtubules genercrotubule tips, where it delays microtubular catastrophe ally do not undergo catastrophe before reaching the cell until the microtubules have grown into the cortical memcortex. What distinguishes ⌬tip1 from wild-type cells is brane regions of the cellular ends. Suppression of catasthat microtubules not only undergo catastrophe in the trophe by tip1p is specifically required when growing cell ends but also in whatever other region of the cellular microtubule tips reach other regions of the cortical cortex they contact. This prevents the deflection mechamembrane, indicating that tip1p can distinguish differnism operating in wild-type cells from coming into play, ent cortical regions of the cell and modifies microtubule dynamics accordingly.
and so microtubules fail to reorient along the long axis of the cell. We conclude that microtubules are generally et al., 1995), or tip1p could inhibit the binding of a catastrophe-inducing factor or recruit a catastrophe-inhibstable when growing through the cytoplasm of the cell and only undergo catastrophe when they enter the viciniting factor. The finding that most microtubules still reach the cortiity of the cortical membrane. Tip1p prevents these catastrophes from taking place in the cortical regions in the cal membrane in ⌬tip1 cells suggests that there must be factors additional to tip1p that specifically control the middle of the cell but does not suppress catastrophes in the cortex at the cell ends. Therefore, it acts as a regioncatastrophe frequency of microtubules growing through the cytoplasm. We propose that there is a "ground state" specific suppressor of microtubule catastrophe and as a consequence makes a major contribution to the overall for catastrophe frequency of a microtubule that is observed in ⌬tip1 cells. Tip1p reduces that frequency by spatial organization of microtubules throughout the cell. This proposed role for tip1p is consistent with its locastabilizing microtubular growth in cortical regions other than at the cell ends. If this view is correct, then it implies tion at the distal ends of microtubules. In cells treated for a short time with MBC, tip1p is no longer found at that tip1p is required for "sensing" the position of the cortical membrane within the cell. This might be an acthe tips of the short microtubules still present. Since these microtubules are likely to be depolymerizing, tip1p tive process where tip1p is scanning the cortex for specific differences. Alternatively, tip1p could play a more may have to be removed from a microtubular tip to allow catastrophe to take place. This might explain why passive role by, for example, stabilizing microtubules until tip1p is captured by a factor localized specifically microtubules remain twice as long at the end of a wildtype cell compared with a ⌬tip1 cell where no tip1p at the cell ends. In either case, tip1p remains on the microtubule tip at the cortical membrane found in the needs to be removed. There are several possibilities to explain how tip1p affects catastrophe. For example, the central regions of the cell and only becomes displaced at cell ends allowing catastrophe to take place. When microtubule tip could be kept in an open lattice conformation that is thought to prevent catastrophe (Chretien such microtubules subsequently undergo the transition from shrinkage back to growth, they will be properly shrinkage is limited to specific membrane regions of the oriented along the long axis of the cell and will grow cell. In this way they would help set up the general back to the cell ends. spatial organization of the microtubules within a cell and An important question is what distinguishes the corticontribute to overall cell morphology. The microtubule cal membrane at the ends from that in the central regions guidance mechanism proposed here for fission yeast of the cell. The simplest possibility is that there is a might operate in other cells with polarized microtubular preexisting marker at the cell ends recognized by tip1p organization. Consistent with this idea, in fibroblasts that promotes catastrophe by causing the dissociation microtubules have been shown to be specifically tarof tip1p from the microtubule tip. This could be an as yet geted to substrate contact sites through an unknown unidentified cell end marker that targets microtubules to mechanism, and in HGF-treated, motile PtK1 cells mithe cell ends. Alternatively, tea1p itself could be the cell crotubules were found to be deflected specifically at end marker that tip1p recognizes when targeting the the lateral membrane allowing them to continue growth microtubules. Once deposited at the cell end, tea1p into the main axis of the cell ( pened to grow within a single focal plane.
Antibody Production
Full-length tip1 cDNA was amplified using GCATTCTCGAGATGTTT Acknowledgments CCTCTTGGCAGTGTCG as forward and CGTTAGCGGCCGCGA TAACAGATTAGGCATTAG as reverse primer. The product was liWe thank Takashi Toda, Jaqueline Hayles, Jü rg Bä hler, and Manolo gated as a blunt end-NotI fragment into SmaI-NotI digested plasmid Arellano for comments on the manuscript, Peter Jordan for help pGEX4T-3 (Pharmacia) to create an amino-terminal GST fusion that with confocal microscopy, and all members of the cell cycle lab, was then expressed in E. coli. The protein was purified using gluta- 
